Introduction Bariatric surgery including the Roux-en-Y gastric bypass (RYGB) and the laparoscopic sleeve gastrectomy (LSG) is a well-established therapeutic option for patients with morbid or severe obesity. Metabolic modifications observed after bariatric surgery are thought to be, at least partly, linked to hormonal changes. While variation of several proglucagon-derived peptides during bariatric surgery is well documented, little is known about glicentin. The aim of this study was to investigate circulating glicentin variations after bariatric surgery. Material and Methods Thirty patients eligible for bariatric surgery (18 RYGB and 12 LSG procedures) were prospectively included in the University Hospital of Nice. Clinical data and fasting biological parameters were recorded preoperatively, at 3, 6, and 12 months after bariatric surgery. Results The median age of patients was 51 years (35-56) with 33.3% men. Fasting glicentin concentration increased progressively after bariatric surgery from 6 months and was more marked at 12 months (14 ± 3.6 pmol/L at baseline vs 19.7 ± 2.7 pmol/L at 12 months for RYGB and 12.5 ± 1.4 vs 16.4 ± 1.8 pmol/L for LSG, respectively). Compared to preoperative values, the fold increase of glicentin at 12 months was 2 ± 0.2 in the RYGB group and 1.6 ± 0.3 in the LSG group. Glicentin variation after surgery did not correlate with anthropometric, glycemic, or lipid parameter modifications. Conclusion Fasting glicentin level increases after bariatric surgery suggesting the potential interest of this peptide as a player and/or a marker of physiological changes after bariatric surgery.
Introduction
Obesity is a leading cause of morbidity and mortality, and its increasing worldwide prevalence represents a major public health c o n c e r n ( h t t p : / / w w w. w h o . i n t / g h o / n c d / r i s k _ factors/overweight/en/). Bariatric surgery has proven its efficiency to induce weight loss and improve obesity-related comorbidities and has become an attractive therapeutic option [1, 2] . Several guidelines describing eligibility for bariatric surgery have been elaborated, and this treatment is currently proposed to patients with morbid obesity (BMI >40 kg/m 2 ) or with severe obesity (BMI >35 kg/m 2 ) associated with comorbidities [3] . The Roux-en-Y gastric bypass (RYGB) is one of the most commonly used procedures [4] . This technique consists in reducing the size of the stomach to a small pouch and connecting it to the small intestine, shunting the duodenum and a portion of the jejunum. This induces restrictive and malabsorptive effects leading to weight loss [5] . Restrictive surgery such as the laparoscopic sleeve gastrectomy (LSG), which consists in a longitudinal resection of the stomach, can also be performed [5] . Both procedures have proven their efficiency for long-lasting weight loss and improvement of metabolic parameters such as transient amelioration of diabetes, glucose tolerance, or lipid profiles [1, 2, 5] . Among the mechanisms involved in metabolic improvement, the modification of gut hormone secretion including proglucagonderived hormones appears to play a key role [6] [7] [8] [9] .
The proglucagon gene is mainly expressed in the pancreatic alpha-cells as well as in the intestinal L cells [10, 11] and leads to the synthesis of the proglucagon peptide. In the pancreas, this precursor is cleaved in several peptides including the glucagon [10] . In the enteroendocrine L cells, posttranslational processing of proglucagon liberates other peptides such as glucagon-like peptide-1 (GLP-1), glucagon-like peptide-2 (GLP-2), oxyntomodulin, or glicentin [10] . While the role of GLP-1, GLP-2, oxyntomodulin, or glucagon is well known and their variation well documented in obese patients who underwent bariatric surgery [6-9, 12, 13] , little is known about glicentin. This could be attributed, at least partly, to the lack of commercialized detection methods until recently. Studies on animal models have reported the effect of glicentin on gastric acid secretion [14] , intestinal motility and trophicity [15] [16] [17] , and an inhibitory effect on insulin secretion [18] . Experimental studies suggest a role of glicentin in intestinal physiology and metabolism regulation [14] [15] [16] [17] [18] . Nevertheless, circulating glicentin levels during adult obesity are poorly known and its variation after bariatric surgery has never been described so far. The aim of our study was to investigate glicentin variation in obese patients who underwent bariatric surgery.
Material and Methods

Population
Obese patients eligible for bariatric surgery were prospectively included at the University Hospital of Nice between January 2014 and April 2016. Eligibility for bariatric surgery was defined as morbid obesity (BMI >40 kg/m 2 ) or severe obesity (BMI >35 kg/m 2 ) with associated comorbidities (type 2 diabetes, arterial hypertension, or sleep apnea). The decision for surgical treatment was approved by a multidisciplinary staff. Inclusion criteria were patients aged between 18 and 65 years old with a stable weight (±5 kg over a 3-month period). Exclusion criteria were defined as the presence of type 1 diabetes or insulin treatment for type 2 diabetic subjects. Written informed consent was obtained from all individual participants included in the study. All procedures performed in this study were in accordance with the ethical standards of the local ethics committee of the University Hospital of Nice and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.
Obese patients eligible for bariatric surgery had a clinical evaluation and biological measurements at baseline, the day before the surgery. Technical procedures performed for bariatric surgery were LSG or RYGB according to the decision made by the multidisciplinary staff. After the surgery, patients had a follow-up visit at 3, 6, and 12 months. BMI was calculated according to the following formula: weight (kg) / height 
Biochemical Analysis
All biological parameters were measured after a peripheral vein puncture on fasting patients. Blood samples for determination of insulin, C-peptide, glycemia, total cholesterol, HDLcholesterol, LDL-cholesterol, triglyceride, leptin, and glicentin were collected in vacutainer tubes with serum separator and clot activator. For glycemia, aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma glutamyltransferase (GGT), alkaline phosphatase, and bilirubin measurement, blood was collected in tubes coated with lithium heparin. For HbA1c measurement, blood was collected in K 3 EDTA-containing tubes. The samples were centrifuged at room temperature for 15 min at 3000 rpm and sera were stored at −80°. All the analyses were performed in the Laboratory of Clinical Biochemistry at the University Hospital of Nice.
Glycemia, total cholesterol, HDL-cholesterol triglyceride, AST, ALT, GGT, alkaline phosphatase, and bilirubin concentrations were determined by spectrophotometry (Cobas 8000, module 700 or 500, Roche®). Insulin and C-peptide were measured with a sandwich immunoassay using direct chemiluminescent technology (Centaur Xp, Siemens®). HbA1c was measured by a high-performance liquid chromatography method (Variant II, Bio-Rad®). Leptin was determined by a sandwich ELISA method (Teco®). For all assays, quality controls fell within the predefined limits.
Glicentin was measured by the ELISA technique (Mercodia®). The glicentin assay uses an antibody against the glucagon sequence and the other recognizing the glicentin-related polypeptide sequence. The assay was performed according to the manufacturer's protocol. All values were above the detection limit (3 pmol/L). All samples were analyzed in duplicates, and the precision coefficients (within assay and interassay) were determined and were consistent with the recommendations of the manufacturer.
Statistical Analysis
Categorical data were expressed as the number of patients and percentage, whereas continuous variables were expressed as the median values with interquartile ranges. For the follow-up of patients, data were expressed as means ± standard error means. Data were analyzed using a repeated-measures ANOVA followed by a Bonferroni posttest. Correlations were determined by non-parametric univariate linear regression (Spearman's rank test). A P value <0.05 was considered as significant. Statistical analyses were performed using the GraphPad Prism® software (version 7.00, La Jolla, CA, USA).
Results
Baseline Characteristics of the Population
Thirty-nine patients eligible for bariatric surgery (BMI >40 kg/m 2 or BMI >35 kg/m 2 with obesity-related comorbidities) were included in the study at baseline (Fig. 1) . Nine patients were lost during the follow-up period. In total, 30 patients were followed at all time points (preoperative baseline and at 3, 6, and 12 months after the intervention) and were finally included for the data analyses. Among them, 18 (60%) underwent a RYGB procedure and 12 (40%) had a LSG.
The median age of patients was 51 years (35-56) and 33.3% of them were men ( Table 1 ). The median BMI was 42.7 kg/m 2 (39.7-44.5). The medians of abdominal circumference and fat mass proportion were 130 cm (125.5-137.3) and 51.5% (44.5-55.3), respectively. Eight patients (26.7%) had arterial hypertension, 5 (16.7%) had type 2 diabetes, 10 (33.3%) had dyslipidemia, 4 (13.3%) had hyperuricemia, and 12 (40%) suffered from sleep apnea. Clinical and biological characteristics were comparable between patients who underwent RYGB and those who underwent LSG.
Variation of Glicentin After Bariatric Surgery
Mean preoperative fasting glicentin concentrations were similar between patients who underwent RYGB procedure compared to those who had LSG (14 ± 3.6 vs 12.5 ± 1.4 pmol/L, respectively) ( Fig. 2a) . At 3 months, blood glicentin concentration did not significantly vary compared to baseline. Glicentin concentration tended to increase at 6 months for both groups. This effect was more pronounced at 12 months and reached statistical significance in the RYGB group (p = 0.04). To better assess glicentin fold increase after bariatric surgery, postoperative values were reported to preoperative values for each patient (Fig. 2b) . In both groups, glicentin increased postoperatively from 6 months and the effect was accentuated and statistically significant at 12 months for both groups, with a fold increase of 2 ± 0.2 in the RYGB group and 1.6 ± 0.3 in the LSG group. At all postoperative time points, glicentin concentrations and fold increase tended to be higher in the RYGB group even if the difference between the two techniques did not reach statistical significance.
Experimental studies have reported an involvement of glicentin in glucose homeostasis through an action on insulin secretion [18] . To investigate the potential link between glicentin and glucose homeostasis in the context of bariatric surgery, the ratios between glicentin concentrations and glycemia, insulinemia, and C-peptide levels (Fig. 3) were calculated. Ratio of glicentin/glycemia tended to increase over time in patients who had RYGB and LSG (Fig. 3a) . This increase was statistically significant at 6 and 12 months for the RYGB group. Ratio of glicentin/insulinemia progressively increased over time in both groups and was statistically significant from 3 months in the RYGB group (1.5 ± 0.4 vs 0.5 ± 0.1 at baseline, p = 0.01) and from 6 months in the LSG group (1.9 ± 0.3 vs 0.6 ± 0.1 at baseline, p = 0.02) (Fig. 3b) . Ratio of glicentin/ C-peptide varied in the same way as glicentin/insulinemia ratio, with a progressive increase over time, which was statistically significant from 6 months in both groups (3.7 ± 0.6 vs 1.2 ± 0.1 at baseline, p < 0.0001 in the RYGB group and 3.3 ± 0.6 vs 1.7 ± 0.3 at baseline, p = 0.04 in the LSG group) (Fig. 3c) . Ratio of glicentin/insulinemia and glicentin/Cpeptide tended to be higher in the RYGB group than in the LSG group at all postoperative time points, but the difference between the two groups did not reach statistical significance. 
Link Between Glicentin Variation and Other Metabolic Parameters
To investigate whether variations of glicentin levels observed after bariatric surgery are associated with modifications of other metabolic parameters, potential correlations were searched. A significant and progressive improvement of anthropometric parameters including a decrease of BMI, fat mass, and abdominal circumference was observed from 3 months for both surgical procedures (Fig. S1) . At 12 months, weight loss was comparable between the two techniques (28.8% ± 2.6 for RYGB vs 32.1% ± 1.9 for LSG). For both procedures, an improvement of glycemic parameters was observed from 3 months and was maintained over the 12-month follow-up period (Fig. S2) . This included lower fasting glycemia, lower HbA1c levels, and a decrease of insulin resistance revealed by a reduction of insulinemia, C-peptide levels, and HOMA-IR index. At last, both techniques showed a beneficial effect on lipid parameters with a decrease of triglyceride levels, accompanied by an increase of HDL-cholesterol concentration (Fig. S3) . A significant decrease of total cholesterol and LDL-cholesterol was observed in the RYGB group but not in the LSG group.
Since metabolic modifications as well as glicentin variation were more marked at 12 months after bariatric surgery, we explored their potential correlations at this time point (Table 2) . Glicentin variation did not correlate with glycemic and lipid variation, as revealed by Spearman coefficient Values are expressed as median (interquartile range) or n (%). % is expressed relative to each group correlations close to zero. For anthropometric parameters, Spearman coefficient correlations were slightly higher (0.22, 0.22, and 0.37 for BMI, fat mass, and abdominal circumference variation, respectively), but dot plots showed no correlation between glicentin and anthropometric parameter variations.
Discussion
In the present study, we investigated the impact of bariatric surgery on blood circulating glicentin levels. During the 1-year postoperative follow-up period, fasting glicentin levels progressively increased in patients who underwent RYGB or LSG. The effect of bariatric surgery on glicentin variation tended to be more pronounced in patients who underwent RYGB, even if the difference between the two techniques did not reach statistical significance. So far, glicentin variation in the context of obesity has been poorly investigated. Our personal work in another cohort of 52 lean subjects (BMI <25 kg/m 2 ) and 39 patients with severe or morbid obesity (BMI >35 kg/m 2 ) revealed that obesity was significantly associated with lower circulating glicentin (submitted data). Furthermore, a previously published study reports lower glicentin levels in adolescents with obesity and impaired glucose tolerance compared to those with obesity and normal glucose tolerance [19] , suggesting that glicentin alteration during obesity could be related to metabolic disorders.
Interestingly, our study reveals that bariatric surgery may, at least partially, restore fasting circulating glicentin concentration. To the best of our knowledge, this is the first study reporting the variations of glicentin levels after bariatric surgery. A published study analyzed the glicentin levels in the context of digestive surgery [20] . The investigators observed a higher response of glicentin levels after glucose load in patients who underwent gastrectomy as compared to control group, whereas no significant changes occurred in a patient with massive short bowel syndrome. These results suggest that surgical procedures may affect differently glicentin secretion. This hypothesis is corroborated by the fact that variation of glicentin tended to be more marked after RYGB compared to LSG.
To better understand the physiology of glicentin production, some authors investigated the intestinal distribution pattern of proglucagon-derived hormones by using several animal models (mouse, rat, and pig). They showed that tissue concentrations of oxyntomodulin/glicentin were higher in the distal ileum, cecum, and proximal colon compared to those of the duodenum and proximal jejunum in the three species [21] . These results corroborate the fact that enteroendocrine L cells, responsible for the intestinal production of proglucagonderived hormones, are present in the duodenum to the rectum but are rare before the terminal ileum [22] . Hence, we can hypothesize that bariatric surgery with LSG and RYGB techniques saves the main intestinal regions involved in glicentin production and that modifications induced by surgery may act as stimulating factors for its secretion.
Experimental models have demonstrated the role of glicentin in intestinal trophicity and motility [15-17, 23, 24] . As bariatric surgery modifies intestinal physiology and impacts on various processes including motility, nutrient digestion, and absorption [25] , it is possible that postsurgery Fig. 2 a Fasting glicentin levels before and at 3, 6, and 12 months after bariatric surgery, expressed as mean (pmol/L) ± SEM. b Ratio of glicentin postoperative value (postop)/glicentin preoperative value (preop). For statistical analysis, the ratio at baseline has been set to 1. *p < 0.05 vs preoperative value. + p < 0.05 vs 3-month value. Preop preoperative, Postop postoperative, 3 M 3 months after surgery, 6 M 6 months after surgery, 12 M 12 months after surgery intestinal remodeling could act as a stimulating factor for glicentin secretion.
Food intake and ingestion of nutrients including glucose, lipids, or amino acids have been identified to act as stimulating factors for glicentin secretion [20, [26] [27] [28] . In that context, two main hypotheses previously described by other authors can be proposed and transposed to explain glicentin increase after bariatric surgery: the hindgut and the foregut hypothesis [29, 30] . Both LSG and RYGB procedures lead to a drastic reduction of the gastric size [5, 25] . This contributes to modify the intestinal transit and may induce a rapid stimulation of the distal ileum. The hindgut hypothesis suggests that the rapid stimulation of the distal ileum by nutrients could act as a stimulating factor, and this could partly explain the increase of circulating glicentin observed postoperatively in patients who underwent LSG and RYGB. In addition to reduce the gastric food reservoir, the RYGB procedure also associates malabsorptive effects by excluding the duodenum and the proximal jejunum [5] . In the foregut hypothesis, we can suggest that the exclusion of the upper gut could indirectly contribute to stimulate glicentin secretion. This could partly explain why the effect on circulating glicentin concentration tended to be more pronounced in patients who underwent RYGB procedure compared to LSG. In addition to major intestinal changes, bariatric surgery is associated with various metabolic and hormonal modifications [1, 2, 5, 31] . Both RYGB and LSG induced a drastic weight loss during the follow-up period, concomitantly with an improvement of glycemic parameters and insulin resistance, a decrease of triglyceride, and an increase of HDL-cholesterol. A reduction of total and LDL-cholesterol was observed in the RYGB group but not in the LSG group, which is in agreement with previous studies [32, 33] . As glycemic parameters including glycemia, insulinemia, and C-peptide decreased postoperatively and glicentin progressively increased, it is not surprising that ratios of glicentin reported to glycemic parameters increased over time. Even if we did not observe a correlation at 12 months between glicentin variation and anthropometric, glycemic, or lipid variation, it remains possible that metabolic modifications induced by surgery may impact on glicentin secretion. Studies in animal models revealed the involvement of glicentin in glucose homeostasis through a stimulatory action on insulin secretion and an inhibitory effect on glucagon secretion [18, 34, 35] . We can hypothesize that in return, insulin may have a negative feedback on glicentin secretion and decreased insulin levels after bariatric surgery could have a positive action on glicentin secretion.
During the past few years, several studies have highlighted major postoperative hormonal changes induced by bariatric surgery [6, 12, 13] . Contrarily to glicentin, the variation of the other members of the proglucagon-derived hormones, including GLP-1, GLP-2, and oxyntomodulin, has been well described, and even if some results were heterogeneous among different studies, some data obtained pinpoint an increase of these hormones after bariatric surgery [6, 12, 36] . The production of these four proglucagon-derived peptides results from the posttranslational processing of the proglucagon by the proconvertases 1 and 3 in the intestinal L cells, and their secretion is stimulated by food intake [10, 37, 38] . Further experimental and clinical studies would be of interest to better understand the link between each member of the proglucagon family and confirm if these molecules are co-secreted and vary similarly after bariatric surgery.
Interestingly, the modification of the secretion of some proglucagon-derived hormones such as GLP-1 has been identified to play a key role in the improvement of glucose homeostasis after bariatric surgery [13] . Hence, glicentin increase after bariatric surgery could potentially play a role in the modifications of glucose homeostasis observed after bariatric surgery. Further clinical and experimental studies would be of interest to determine factors involved in glicentin increase after bariatric surgery and to better understand its clinical significance.
It would be worth to extend this work on larger cohorts to improve statistical power to better assess the impact of each surgical technique (RYGB or LSG) on glicentin level. In addition, to better evaluate the link between glicentin and glucose homeostasis, it would be interesting to study modifications of glicentin levels after glucose ingestion during the follow-up period postsurgery.
Conclusion
In this study, we investigated glicentin variation in obese patients who underwent bariatric surgery. A progressive and significant increase of fasting glicentin levels was observed during the 1-year follow-up period in patients who underwent RYGB or LSG. The effect of surgery on glicentin tended to be more pronounced in the RYGB group compared to LSG, but the difference between the two techniques was not statistically significant. After the surgery, an improvement of anthropometric, glycemic, and lipid profiles was observed, but their variation did not correlate with glicentin variation. Glicentin has been described to be involved in intestinal physiology as well as glucose homeostasis. Both intestinal remodeling and metabolic changes could be potential factors impacting on glicentin secretion postsurgery. Even if further studies are required to establish its clinical significance, glicentin could represent an interesting player and/or marker of metabolic and physiological changes that occur after bariatric surgery.
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